It is difficult to use conventional capacity detection methods to determine nondestructively and rapidly the capacity of lithium-ion (Li-ion) batteries used in electric vehicles. To resolve this problem, lithium iron phosphate (LFP) batteries are regarded as research objects for studying the relationship between their electrochemical performances and the structural parameters of their active materials based on Faraday's law. Therefore, a capacity detection method based on X-ray computed tomography is proposed; it combines the battery's electrochemical performance testing techniques and tomographic measurement techniques to measure the electrochemical properties and structural parameters of active materials of Li-ion batteries. The results show that (1) the capacity of a Li-ion battery is a function of the structural parameters of active materials and working condition; (2) the influence of the working condition on the capacity gradually changes with the change in the structural parameters of the active material; and (3) the loss of strong active materials of a Li-ion battery in the negative cross-section is more than that in the positive cross-section when the capacity decays. Owing to its advantages of being nondestructive and rapid, this method is superior compared with conventional methods.
Introduction
For electric vehicles, lithium-ion (Li-ion) batteries are the leading candidates 1-3 mainly due to their characteristics of high energy, high power density, wide temperature range, good lifecycle performance, and low self-discharge rate;
4-9 these represent the main requirements in the design of electric vehicles 10 that are characterized by high performance in terms of acceleration and driving range. 11 As an important parameter of Li-ion batteries, capacity is an essential indicator for calculating both the state of health and the remaining electric driving range, 12 which directly affect the consistency of batteries inside the battery pack and the performance of electric vehicles. Therefore, accurately determining the capacity can ensure efficient operation and optimized performances of Li-ion batteries; it is of great signicance for the application, design, and manufacturing process of Li-ion batteries.
Nowadays, the most common way to determine the battery capacity is to perform a discharge test until the cut-off voltage is reached following the manufacturer's specications; this test relies on lifecycle testing using a dened procedure and protocol such as those proposed by the U.S. Advanced Battery Consortium (USABC) Electric Vehicle Battery Test Procedures Manual 13 and Chinese Automobile Standard QC/T 743-2006.
14 The capacity (denoted as Q ¼ P i k t k ) of a Li-ion battery is obtained by measuring the constant discharge current (denoted as i k ) and discharge time (denoted as t k ) under the lifecycle testing procedure. In this test, the operating voltage of the Li-ion battery is assumed to be the threshold. However, the capacity of a Li-ion battery for electric vehicles is difficult to determine using battery management systems, especially in the common Li-ion chemistry, where lithium iron phosphate (LFP) exhibits an extremely at reaction plateau. The minimal changes in voltage over a cycle complicate the determination of capacity. 15 As a result, it is difficult to study the gradual change in the capacity of a Li-ion battery as its working condition changes. In addition, these standardized procedures require a lot of time, and their results only represent the capacity of the Li-ion battery in controlled environments. Therefore, these results are not useful to provide sufficient knowledge regarding the capacities of Li-ion batteries in practical applications. 16 Besides, these standardized procedures change the state of the Li-ion battery, which leads to an increase in the cycle number and an increase in capacity decay.
Furthermore, to determine battery capacity, several groups have attempted to utilize empirical aging models, which are based on mathematical functions obtained from extended aging tests. [17] [18] [19] Although the empirical modeling approaches have been used in many applications, the signicant drawback of these approaches is that they need to identify the model and its parameters; for example, numerous time-consuming durability tests are required. In addition, some researchers estimate the battery capacity via analyzing the characteristics of the voltage curve. Two techniques, i.e., incremental capacity analysis (ICA) 20, 21 and differential voltage analysis (DVA) 22, 23 are adopted to analyze the differentiation of charge throughput over the terminal voltage (dQ/dV) and vice versa (dV/dQ). The peaks of ICA and DVA curves are associated with the chemical properties of the electrodes, which can be used to identify the capacity and its fade. However, the limitation for applying these methods is the prerequisite that a low constant current phase must exist where one dV/dQ peak is detected, and the peak change must be signicant during the lifetime for battery chemistry. Differentiating measurements amplify the noise in the signal, due to which it very difficult to use the resulting data for processing, which is especially problematic in practical applications. Meanwhile, researchers have developed a variety of models and control techniques for capacity estimation. The model-based approaches, which can be divided into electrical model-based 24, 25 and electrochemical model-based approaches, 26, 27 can explain the aging mechanism of Li-ion batteries profoundly and in detail. However, the complexity of model implementation and parameterization of the physicochemical process are the major obstacles in their real-life applications. In addition, all these methods require complex signal analyses specic to the battery chemistry or congura-tion, which can be time-consuming; these methods also lack visual conrmation.
X-ray computed tomography (CT) is a non-destructive tool used to visually inspect and quantitatively analyze the structural properties of materials, which are important with regard to Liion batteries not only for performance monitoring, but also for manufacturer quality control. This technique has been utilized for the characterizations of composites and electrodes of batteries, [28] [29] [30] and it is an effective diagnostic tool for Li-ion batteries. 15, 31 Furthermore, the technique has been used to observe catastrophic battery failure or thermal runaway initiated by battery heating tests.
32,33 Herein, we utilize X-ray CT for the rst time to detect the capacity of a Li-ion battery under different working conditions. Herein, we analyze the relationship between the electrochemical performances and the structural parameters of the active materials of Li-ion batteries based on Faraday's law, which reects the relationship between the capacity and the mass of active materials of a battery. By virtue of the X-ray CT technology, we propose a method to detect the capacity of Li-ion batteries. This method combines the battery's electrochemical performance testing techniques and the tomographic measurement techniques to measure the electrochemical properties and structural parameters of the active materials of a Li-ion battery. By analyzing the relationship between the structural parameters, i.e., quantity and distribution of strong active materials, the working conditions, i.e., cycle, discharge current, depth-of-discharge, and temperature as well as the actual capacity of a Li-ion battery can be obtained.
Theory and methods

The detection theory
According to the electrochemical principle, 34 a Li-ion battery undergoes an electrochemical oxidation-reduction reaction during charging and discharging periods. This type of reaction involves the transfer of electrons from one type of a material to another. For the Li-ion battery system, the theoretical capacity Q can be determined by Faraday's law.
here, n is the number of electrons per mole involved in the oxidation or reduction of the active material, m is the mass of the active material, and M is the molecular mass of the active material. Li-ion batteries comprise cells that employ lithium intercalation compounds as the positive and negative materials.
34,36
Thus, a Li-ion battery should comprise L cells that are numbered i, where i ¼ 1, 2,., L. A cell consists of a positive and negative electrode separated by a microporous separator with a thickness ranging from 16 mm to 25 mm. Positive electrodes consist of an Al foil (10-25 mm) coated with the active material. Negative electrodes typically include a Cu foil (10-20 mm) coated with an active carbonaceous material. When the active material of the j electrode ("P" denotes positive and "N" denotes negative) is uniformly coated on thin metal foils, the mass, m i,j , of the active material is expressed as follows:
here, z i,j,k is the activity coefficient of the active materials and subscript k ¼ {1, 2,., K} indicates the classes of substances of different densities contained in the active material; furthermore, r i,j,k , S i,j,k , and h i,j,k denote the density, effective area, and thickness of the active material, respectively. According to the values of the activity coefficients, the active materials can be divided into two classes, i.e., strong active materials and weak active materials. The densities of the strong active materials and weak active materials are r i,j,1 , r i,j,2 ,., r i,j,3 and r i,j,3+1 , r i,j,3+2 ,., r i,j,k , respectively. Therefore, eqn (2) needs to be modied as
where m i,j,st and m i,j,w are the masses of the strong and weak active materials, respectively. The substitution of eqn (3) in (1) leads to the nal form of the relationship between the capacity and structural parameters of the active materials of a Li-ion battery, which is as follows:
here, g i,j is the inuence coefficient of the active material on the battery capacity, and it can be obtained experimentally. From eqn (4), we can conclude that the capacity of a Li-ion battery is determined by the structural parameters, i.e., r i,j,k , S i,j,k , and h i,j,k of its active materials. It will be possible to obtain the capacity of a Li-ion battery only by the structural parameters of the active materials. Again, as noted previously, the conventional capacity detection method cannot correctly determine the actual capacity of the Li-ion battery as the inuence of the structural parameters of the active material on the capacity is ignored.
The detection method
According to the principle of image and morphology, 37, 38 a digital image can be used as a representation of an object, which reects its geometry and properties. Therefore, in the matrix or pixel list representation of the active material of a Liion battery, the analysis of the location and number of pixels can be used to identify the structural characteristics of the active materials and obtain their structural parameters.
To obtain the structural parameters of active materials that are nondestructively sealed in a conned space in real time, a method is proposed to detect the capacity of a Li-ion battery by tomographic imaging based on the principle of X-ray CT. This method is referred to as the tomographic image detection method for battery capacity, and the schematic representation of the method principle is shown in Fig. 1 .
When an X-ray beam passes through the active materials of a Li-ion battery that has been charged and discharged by an electrochemical performance system, as shown in Fig. 1 , there are three dominant physical processes responsible for the attenuation of the X-ray signal: photoelectric absorption, Compton scattering, and pair production. 39 The basic equation for attenuation of a monoenergetic beam through a homogeneous material is expressed by Lambert-Beer's law:
here, I 0 is the intensity of the incident X-ray beam, I is the intensity of the outgoing X-ray beam, L is the length of the X-ray beam path through the material, and m is the linear attenuation coefficient for the material being scanned. Generally, the linear attenuation coefficient is given by
where s, s, r, and A r are the atomic absorption coefficient, atomic scatter coefficient, density, and atomic weight of the material being scanned, respectively; N A is the Avogadro's constant. In addition, the active materials of a Li-ion battery are composed of a variety of materials, as shown in eqn (3). Aer substituting eqn (6) into (5), the equation for the attenuation of the X-ray beam through a Li-ion battery becomes When the outgoing X-ray beam carrying the morphological information of the active materials of a Li-ion battery penetrates the battery and reaches the detectors, the detectors measure the intensity of the beam as it arrives at the screen and sends the results as a digital signal to the computer imaging system. Aer preprocessing (data conditioning and calibration), image reconstruction, and post-processing (artifact reduction, image ltering, and image reformation), a three-dimensional image of the Li-ion battery can be obtained, 41 as shown in Fig. 2(a) ; it is composed of a sequence of tomographic cross-sectional images, as shown in Fig. 2(b) , which are referred to as the tomographic images. The tomographic images are denoted as E(x,y,z), where x˛R, y˛R, and z˛R are the coordinate values in the coordinate system, as shown in Fig. 1 . Then, the tomographic images are processed to obtain the cell images, which are denoted as G(x,y,z), as shown in Fig. 2(c) . According to eqn (5) and (6) , the density of the strong active material is a function of the attenuation coefficient, and the attenuation coefficient is usually represented as the gray value in X-ray CT. 40 By analyzing the gray value and the distribution of pixels in the cell images, as shown in Fig. 2(d) , both positive cross-sectional images and negative cross-sectional images are obtained, which are denoted as G(x,y Pi ,z) P and G(x,y Ni ,z) N , respectively, where i ¼ 1, 2,., L. According to the gray value of the pixels, the number of pixels of the strong active material in both the positive cross-sectional images and negative crosssectional images is counted; they are denoted as S(x,y Pi ,z) P and S(x,y Ni ,z) N , respectively. Then, the density of the strong active material is calculated by its gray value in the crosssectional images, and the area of the strong active material is calculated by the number of pixels; the height of the strong active material is calculated by the distribution of the pixels in the immediate neighbouring cross-sectional images. Finally, the capacity of the Li-ion battery can be calculated by using eqn (4) .
Similarly, when the working condition of a Li-ion battery is denoted as 4 k , its capacity, Q(4 k ), can be obtained by virtue of the tomographic image detection method for battery capacity. The working condition consists of the cycle number, temperature, discharge current, and depth-of-discharge (DOD) of the Liion battery, which can be expressed as follows:
here, n k is the cycle number, T k is the temperature, i k is the discharge current, and DOD k is the DOD of the Li-ion battery.
Experimental
Materials and equipment
To verify the feasibility of the tomographic image detection method for battery capacity, a tomographic image detection system for battery capacity is designed and developed, and it consists of the electrochemical performance subsystem and tomographic imaging subsystem, as shown in Fig. 1 . The electrochemical performance data of the batteries were obtained by the electrochemical performance subsystem (HT-V5C100D100-16, Kinte Industrial Inc., Guangzhou, China). The subsystem had a voltage measurement range from 0 V to 5 V; the currents ranged from 0.1 A to 100 A, and the measuring accuracy was AE(0.1% FS + 0.1% RD). Tomographic imaging experiments were carried out by the tomographic imaging subsystem (Phoenix NDT|analyzer, GE Inspection Technologies, Hürth, Germany). This machine was equipped with a high-power X-ray microfocus tube (180-225 kV and 200-250 mA) with a spatial resolution of 1 mm and density resolution of 0.5%.
Electrochemical experiment
Four 10 A h commercial LFP-based Li-ion batteries with thickness of $17 mm, width of $67 mm, and length of $107 mm, were denoted as "battery L1," "battery L2," "battery L3," and "battery L4," and they were used in this study. These batteries selected from the same batch were collectively referred to as the investigated batteries. The standard deviation between the initial capacities of the four investigated batteries was less than 0.88%. First, the investigated batteries were subjected to the lifecycle tests that were derived from the USABC Electric Vehicle Battery Test Procedures Manual by using the electrochemical performance subsystem. The regimen used in the lifecycle tests began with a charge regime that used a constant current (CC) at C/2 step to 3.65 V, followed by a constant voltage (CV) step at 3.65 V until the termination current of C/50 was reached, following the manufacturer's specication; this was followed by a 1/2 hour rest and then a 3C discharge regime to assess the capacity of the investigated batteries. The discharge cutoff voltage was 2.5 V, following the manufacturer's specication. In the lifecycle tests, battery L1, battery L2, battery L3, and battery L4 were subjected to 2 cycles at 100% DOD, 120 cycles at 100% DOD, 164 cycles at 100% DOD, and 59 cycles at 100% DOD of C/ 2 charge and 3C discharge regime, respectively; the temperatures at which the investigated batteries were discharged were 25 C, 55 C, 25 C, and 55 C, respectively. Therefore, the working conditions of the investigated batteries aer being cycled were 4 1 , 4 2 , 4 3 , and 4 4 , and they can be expressed as follows:
4 2 ¼ {120, 55, 3C, 100%} (10)
Aer the lifecycle test, the investigated batteries were characterized by a reference performance test (RPT) to determine their actual capacities. The regimen used in the RPT began with a CC-CV charge regime, followed by 1 hour of rest, and then a C/ 2 discharge regime to assess the actual capacity of the investigated battery. The actual capacities of the investigated batteries were denoted as Q 0 (4 k ), where 4 k is the working condition and subscript k ¼ 1, 2, 3, 4.
Tomographic imaging experiment
Aer the RPT test, the investigated batteries having working conditions 4 k , where k ¼ 1, 2, 3, 4, were subjected to tomographic imaging experiments by using the tomographic imaging subsystem. For all the investigated batteries, the scanning parameters were as follows: the X-ray source was operated at a voltage of 200 kV and a current of 200 mA with the rotational speed of the turntable set at 4.518 Â 10 À3 rad s À1 and the imaging frequency of 3 Hz (333 ms). The X-ray CT technique completely reconstructed the three-dimensional images of all the investigated batteries. The three-dimensional image of an investigated battery was composed of 180 tomographic images E(x,y,z) In this paper, all these images were analyzed by using the open-source Fiji/ImageJ soware, which is a public domain Java image processing program. 42 Fig. 3(a) presents the evolution of the capacities of the investigated batteries over the 3C cycle discharge regime. Fig. 3(a) shows that discharge occurs at the same current drain but at a progressively increasing cycle number for battery L2 and battery L3, although the temperatures of battery L2 and battery L3 are different. According to eqn (1), we believe that the reason for this substantial decrease in the capacity of battery L4 at the 42 nd cycle was the loss of its active materials. The conventional capacity detection method, which only considers the inuence of the working condition on the actual capacity, cannot accurately determine the actual capacity of the 42 nd cycle of battery L4 through the capacities of previous 41 cycles. Fig. 3(b) displays the discharge curves of the investigated batteries having working conditions 4 k , where k ¼ 1, 2, 3, 4. We assumed that 4 1 is the initial condition of the investigated batteries. In condition 4 1 , both the actual capacity and structural parameters of the active materials of the investigated battery are at the initial states. Therefore, we can infer that the actual capacity, Q 0 (4 k ), of the investigated battery decreases with an increase in k of the working condition 4 k , i.e., Q 0 (4 1 ), Q 0 (4 2 ), Q 0 (4 3 ), and Q 0 (4 4 ) gradually decrease.
Results and discussion
Electrochemical characterization
The cycle number of condition 4 2 is smaller than that of condition 4 3 , and the temperature of condition 4 2 is higher than that of condition 4 3 ; furthermore, the actual capacity Q 0 (4 2 ) is higher than Q 0 (4 3 ). It is shown that the actual capacity is the result of the interaction of various factors in the working condition. 43 In addition, the cycle number of condition 4 2 is larger than that of condition 4 4 , the temperature of condition 4 2 is equal to that of condition 4 4 , and the actual capacity Q 0 (4 2 ) is higher that Q 0 (4 4 ). According to the ageing mechanisms in Liion batteries, 18 capacity decay is strongly affected by the cycle number and temperature, and the material parameters have an impact on the battery lifetime and performance. 43 It is shown that the working condition, which consists of cycle number, temperature, discharge current, and DOD, is not the only factor that affects the actual capacity of the investigated battery. Fig. 4 presents the working condition versus the actual capacity and the number of pixels of strong active materials in the positive and negative cross-sectional images of the investigated batteries. The numbers of pixels of strong active materials in the positive and negative cross-sectional images are denoted as S 0 (4 k ) N and S 0 (4 k ) P , respectively. The sum of the number of pixels of strong active materials in both the positive and negative cross-sectional images is denoted as S(4 k ).
Structural characterization
and S(4 k ) are expressed as follows:
Sðx; y Pi ; zÞ P 4 k (13) As shown in Fig. 4 , with the increase in k of the working condition 4 k of the investigated batteries, S 0 (4 k ) N , S 0 (4 k ) P , and S(4 k ) gradually decrease, and the S 0 (4 k ) N and S 0 (4 k ) P curves are similar. At the same time, the actual capacity of the investigated battery gradually decreases. This shows that the trends of S 0 (4 k ) N , S 0 (4 k ) P , and S(4 k ) and that of the actual capacity decrease with a change in the working condition of the investigated battery. Furthermore, it is shown that the actual capacity decay is accompanied by a change in the structural parameters of the active materials of the electrodes of the battery upon cycling. 44 We can derive that the actual capacity of a Li-ion battery is determined not only by its working condition, i.e., cycle number, temperature, discharge current, and DOD, but also by its structural parameters, i.e., the number of pixels of strong active material in the positive and negative cross-sectional images. We assumed S(4 k ) as the structural parameter of the investigated battery, and its actual capacity Q 0 (4 k ) can be expressed as follows:
here, Q full is the initial capacity of the investigated battery, and Q loss (4 k ) is the percentage of capacity loss caused by changes in the working condition. According to Wang and Liu, 18 the percentage of capacity loss of the investigated battery having working condition
where B is the pre-exponential factor, k 1 , k 2 , and z are constants, and R is the gas constant.
From eqn (9)- (12), we can obtain the following equations:
By substituting eqn (17)- (20) in (16), the actual capacity of the investigated battery may be rewritten as
where a,b,k, and z 0 are constants.
According to the system identication method and the least squares method, 45, 46 we use the MATLAB/Simulink soware and values of Q 0 (4 k ), S(4 k ) (Fig. 4) , T k , and n k to identify the parameters, i.e., a, b, k, and z 0 of eqn (21), and the expression for Q 0 (4 k ) is as follows:
here, the corresponding square of the correlation coefficient is 0.999. As shown in eqn (22) , the actual capacity is a function of S(4 k ), temperature, and cycle number of the investigated batteries. Therefore, the value of the actual capacity of the investigated battery can be determined by measuring the number of pixels of strong active materials in its positive and negative cross-sectional images and by combining its working condition and eqn (22) .
In accordance with eqn (22) , the simulation of the actual capacity versus S(4 k ), T k , and n k of the investigated batteries is shown in Fig. 5 .
As shown in Fig. 5(a) , the actual capacity of the investigated battery with structural parameter S(4 k ) changes as the working condition changes. As both the cycle number and temperature increase, the actual capacity of the investigated battery decreases. Fig. 5(b) shows the effect of cycle number and temperature on the actual capacity of the investigated batteries. At ambient temperature (curve ①), as shown by the slope of the curves, the actual capacity is approximately a linear function of the cycle number. With the increasing temperature (curves ②-④), the actual capacity decreases, the slope of the curve becomes more pronounced, and the loss of actual capacity for unit cycle number increases. This explains the inuence of the cycle number on the actual capacity, which gradually increases with the increasing temperature when the structural parameter of the active materials is constant. Fig. 5(c) shows the effects of cycle number and structural parameters of the active materials on the actual capacity of the investigated batteries at ambient temperatures. With the increase in the structural parameter (curves ⑤-⑦), the actual capacity decreases, the curve becomes steeper, and the loss of actual capacity for unit cycle number increases. This explains Fig. 4 Effects of the working condition on the actual capacity Q 0 (4 k ) (curve ①), the number of pixels, S 0 (4 k ) P , of strong active materials in the positive cross-sectional images (curve ②), the number of pixels, S 0 (4 k ) N , of strong active materials in the negative cross-sectional images (curve ③), and the sum of S 0 (4 k ) P and S 0 (4 k ) N (curve ④).
the inuence of cycle number on the actual capacity, which gradually increases with the increase in the structural parameter of the active materials when the temperature is constant. In other words, the inuence of the working condition on the actual capacity of the investigated battery changes as the structural parameter of the active materials changes.
In addition, as shown in Fig. 5(a) , when the working condition of the investigated battery is determined, the actual capacity decreases as the sum of the number of pixels of the strong active materials in both the positive and negative crosssectional images decreases.
As noted previously, the actual capacity of the investigated battery is related to its structural parameter and working condition. Fig. 6(a)-(c) show the structural characteristics of strong active materials of the investigated battery in its negative cross-sectional images Gðx; y N1 ; zÞ N 4 k , where y N1 ¼ 7.14 mm and k ¼ 1, 2, 3, 4.
The red pixels represent strong active materials in the negative cross-sectional images. As the working condition of the investigated battery changes, its actual capacity gradually decreases, and the number of red pixels also gradually decreases, as shown in Fig. 6(i) .
Similarly, Fig. 6 (e)-(h) show the structural characteristics of strong active materials of the investigated battery in its positive cross-sectional images Gðx; y P1 ; zÞ P 4 k , where y P1 ¼ 0.82 mm and k ¼ 1, 2, 3, 4. The blue pixels represent strong active materials in the positive cross-sectional images. Compared with the number of red pixels, the number of blue pixels also decreases with the decrease in actual capacity, as shown in Fig. 6(j) . This indicates that the amounts of strong active materials in both the negative and positive cross-sections of the investigated battery gradually decrease with the decrease in its actual capacity.
As shown in Fig. 6 (i) and (j), when the actual capacity of the investigated battery decays, the reduction rate of the number of pixels of strong active materials in the negative cross-sectional images is larger than that of the number of pixels of strong active materials in the positive cross-sectional images. This indicates that the loss of negative electrode is the main reason for battery capacity decay; this result is consistent with previously reported results.
47,48
In addition, the pixels of strong active materials are unevenly distributed in both the negative and positive cross-sectional images, as shown in Fig. 6 . Fig. 7(a) and (b) show the distribution of the number of pixels of strong active materials along the X axis in the negative cross-sectional images Gðx; y N1 ; zÞ N 4 k and that in the positive cross-sectional images Gðx; y P1 ; zÞ P 4 k , respectively. With an increase in k of the working condition, 4 k , of the investigated battery, the uneven distribution of pixels of strong active materials becomes more pronounced, and the number of pixels of strong active materials in the central area x˛[À1,1] of the negative cross-sectional image gradually decreases, as shown in Fig. 7(a) . Similarly, as shown in Fig. 7(b) , the number of pixels of strong active materials in the central area x˛[À1,1] of the positive cross-sectional image gradually decreases. It can be inferred that as the actual capacity of the investigated battery decreases, the strong active materials in both the central areas of the positive and negative cross-sections are lost rst; this result is consistent with previously reported conclusions, 44 i.e., the inhomogeneity in the electrode structure may lead to inhomogeneous degradation of the electrode.
Conclusions
By analyzing the relationship between the capacity and structural parameters of the active materials of a Li-ion battery based on Faraday's law, we found that the capacity is closely related to the structural parameters of active materials. Considering the requirements of accurate, nondestructive, and rapid capacity detection of Li-ion batteries used in electric vehicles, we established a method to detect the capacity of Li-ion batteries based on X-ray computed tomography. By virtue of the battery's electrochemical performance testing techniques and tomographic measurement techniques, we constructed a capacity detection system and carried out an electrochemical experiment and a tomographic imaging experiment on a batch of four 10 A h LFP batteries. The results reveal the following conclusions:
(1) The actual capacity of a Li-ion battery is a function of the structural parameters of the active materials and the working condition, and it can be obtained by the number of pixels of strong active materials both in the positive and negative crosssectional images, cycle number, and temperature of the battery.
(2) With a change in the structural parameter of the active materials, the inuence of the working condition of a Li-ion battery on the actual capacity gradually changes. The inu-ence of cycle number on the actual capacity gradually increases with an increase in temperature.
(3) When the actual capacity of a Li-ion battery decays due to a change in its working condition, the loss of strong active materials in the negative cross-sectional image is more than that in the positive cross-sectional image. Furthermore, the strong active materials in the central area of the positive and negative cross-sections are lost rst.
These results are not only consistent with the experimental data of the electrochemical performances of the investigated batteries, but also with the corresponding conclusions drawn from the existing literature, which prove the feasibility of the capacity detection method. In addition, this detection method is also suitable for other types of Li-ion batteries, the working principle of which should be in accordance with Faraday's law.
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